In this work, a method based on atomic force microscopy (AFM) approach-reside-retract experiments was established to simultaneously quantify the elastic and viscoelastic properties of single cells. First, the elastic and viscoelastic properties of normal breast cells and cancerous breast cells were measured, showing significant differences in Young's modulus and relaxation times between normal and cancerous breast cells. Remarkable differences in cellular topography between normal and cancerous breast cells were also revealed by AFM imaging. Next, the elastic and viscoelasitc properties of three other types of cell lines and primary normal B lymphocytes were measured; results demonstrated the potential of cellular viscoelastic properties in complementing cellular Young's modulus for discerning different states of cells. This research provides a novel way to quantify the mechanical properties of cells by AFM, which allows investigation of the biomechanical behaviors of single cells from multiple aspects. 
INTRODUCTION
Biological systems, ranging from single molecules to cells and tissues, have heterogeneous structural, physical and chemical properties that change dynamically to fulfill the various functions (Dufrêne et al., 2013) . Investigating the physical properties of cells is of important significance for exploring the underlying mechanisms guiding cellular behaviors. In the past decade, wide applications of atomic force microscopy (AFM) in life science research have yielded much new knowledge about the physiological activities of individual cells. AFM can not only image the ultra-microstructures of single living cells, such as the individual *Corresponding authors (Lianqing Liu, email: lqliu@sia.cn; Ning Xi, email: xining@hku.hk) microvilli on cell surface (Schillers et al., 2016) , but also can quantitatively measure the mechanical properties of single cells (Liang et al., 2016) . By applying AFM indenting technique, the mechanical properties of molecules , cells (Cross et al., 2007) , and tissues can be measured to improve our understanding of biological systems from the perspective of biomechanics.
Studies using AFM to probe cellular mechanical properties demonstrate that cellular mechanical properties are novel biomarkers which can be used to discriminate cancer cells from their normal counterparts (Lekka, 2016) . For example, during the development of breast cancer, the stiffness profile of breast tissues changes significantly (Plodinec et al., 2012) . As Suresh found, pathological factors cause the alterations of cellular structures (e.g., cytomembrane, cytoskeleton, cytosol), during tumor formation, which then results in changes to cellular mechanical properties (e.g., deformability, motility, cytoadherence) and cellular functions (e.g., gene expression, viability, proliferation) (Suresh, 2007a) . Thus, diseased cells can be identified biochemically and/or biomechanically (Zheng et al., 2013) .
To date, the diagnosis of cancer mainly relies on the morphological assay of biopsy cells, which is a very complex process that involves surgically removing tissue samples, staining, and optical observation (Suresh, 2007b) . But this method is not always 100% accurate because of the occasional overlap between the morphology of normal cells and cancerous cells. Therefore, detection of cellular mechanical properties can potentially be a useful complement to the traditional morphology assay. Reich et al. found no significant differences in morphology between the diseased dermal fibroblasts from scleroderma patients and normal dermal fibroblasts from healthy donors (Reich et al., 2009 ); however, the diseased fibroblasts had less elastic constant than healthy fibroblasts. This result demonstrates the active role of detecting cellular mechanical properties in recognizing pathological cells.
The achievements of AFM single-cell mechanical assay provide new possibilities in the label-free detection of cell states. However, current studies (Canetta et al., 2014; Rianna et al., 2015) mainly focused on the measurement of cellular Young's modulus, which reflects only the elastic properties of cells. Living cells, which are actually viscoelastic, exhibit heterogeneous rheological behaviors during their life cycles (Moeendarbary et al., 2013) . Researchers have performed AFM indenting experiments to probe the viscoelastic properties of cells (Ketene et al., 2012; Moreno-Flores et al., 2010; Okajima et al., 2007) . However, so far no comparison has been done to show whether and how cellular viscoelasticity can be used as a biomarker of cancer-related changes (Lekka, 2016) . In the present study, in order to examine the role of cellular viscoelastic properties in cancer-related behaviors, AFM was applied to quantify the elastic and viscoelastic properties (Young's modulus and relaxation time) of MCF-10A normal breast cells and MCF-7 cancerous breast cells. The morphologies of the MCF-10A and MCF-7 cells were observed by AFM imaging. The elastic and viscoelastic properties of three other types of cells (HEK293, A549, and L929) and primary B lymphocytes were also measured. Figure 1 shows the typical force curves and stress relaxation curves recorded for the MCF-10A and MCF-7 cells. Figure  1A and B are force curves used for extracting cellular Young's modulus, and Figure 1C -F are stress relaxation curves used for extracting cellular relaxation time. By controlling the AFM tip to repeatedly indent the cells, we were able to record serial relaxation curves. During the relaxation, the vertical position of AFM tip was kept unchanged (red curves in Figure  1C and E) and the force exerted on the cell decayed (green curves in Figure 1C and E). By applying a two-order Maxwell model, the stress relaxation curves could be well fitted ( Figure  1D and F). Not unexpectedly, it was found that a one-order Maxwell model cannot match the stress relaxation curves well. The latter result can be attributed to the diverse viscoelastic behaviors of cytoplasm, whose flow enables the relaxation process of cells after indentation by the AFM tip (Moeendarbary et al., 2013) ; cytoplasm comprises heterogeneous components such as actin filaments, intermediate filaments, microtubules, nucleus, and organelles (Kirmizis and Logothetidis, 2010) . Hence, a two-order Maxwell model can match the experimental stress relaxation curves well (Li et al., 2016a; Li et al., 2016b) . Figure 2 shows the statistical contrast of elastic and viscoelastic properties between MCF-10A cells and MCF-7 cells measured by AFM approach-reside-retract experiments.
RUSULTS AND DISCUSSION
The detailed values of each bar in Figure 2 are shown in Table 1 . We can see that the Young's modulus of MCF-10A cells is significantly larger than it is for MCF-7 cells ( Figure  2A ). The relaxation times of MCF-10A cells are also significantly larger than they are for MCF-7 cells ( Figure 2B and C). Young's modulus reflects the elastic properties of cells, whereas relaxation time reflects the viscoelastic properties of cells. These results indicate significant differences in both the elasticity and viscoelasticity of MCF-10A cells (normal breast cells) and MCF-7 cells (cancerous breast cells). Li et al. showed that the Young's modulus of MCF-10A cells, compared to MCF-7 cells, is about 1.4-1.8 times larger (Li et al., 2008) ; this result is consistent with ours.
The Young's modulus of cells measured by AFM is influenced by several factors, such as the type of probe (spring constant, tip shape), substrate, environmental temperature, probe loading rate, cell positions at probing, culture medium, and so on Li et al., 2015) . The cellular relaxation time measured by AFM approach-reside-retract experiments is dependent on the loading force of the probe (Li et al., 2016b) . Therefore, in order to make the results comparable, the experimental conditions of MCF-10A and MCF-7 cells are identical in the present study.
Recent AFM single-cell experiments (Canetta et al., 2014; Rianna et al., 2015; Simon et al., 2016) have commonly focused on measuring cellular Young's modulus, which is dependent on the cytoskeleton--particularly the actin filaments (Rotsch and Radmacher, 2000) . Cellular relaxation, by contrast, is dependent on the cytoplasm (Moeendarbary et al., 2013) . Our results (Figure 2B and C) show that, along with Young's modulus, the relaxation time (viscoelastic properties) of MCF-10A cells differed from that of MCF-7 cells. This means that both the cytoskeleton and the mechanical behaviors of cytoplasm differ between MCF-10A cells and MCF-7 cells, a discovery that improves our understanding of (Kliche et al., 2011; Eghiaian et al., 2015) , we investigated the differences in cellular morphology between MCF-10A cells and MCF-7 cells by AFM imaging (Figure 3 ). We were able to visualize the differences in growing mode between MCF-10A cells and MCF-7 cells from the optical observations ( Figure 3A and F). In Figure 3A we can see that MCF-10A cells grow dispersedly, whereas Figure 3F shows clustered MCF-7 cells. Unfortunately, optical microscopy cannot reveal detailed cellular morphology due to its 200 nm spatial resolution limit. Nonetheless, in Figure 3B -E (AFM images of MCF-10A cells) and Figure 3G -J (AFM images of MCF-7 cells) we can clearly observe the significant differences in cellular shape and cellular edge between the two types of cells. MCF-10A cells are elongated, whereas MCF-7 cells are tri- The geometric features of MCF-10A cells and MCF-7 cells extracted from our AFM images are shown in Figure 4 . The cellular geometric information (length, width, height) was obtained from the section curves of the AFM images ( Figure  4A and B). The section curves were obtained by the offline software Nanoscope Analysis (Bruker, USA). Figure 4A displays a typical AFM image of a living MCF-10A, which exhibits an oval shape. Figure 4B shows the two section curves obtained on the long axis (red curve) and short axis (blue curve) of the cell, from which the cell's length and width can be obtained. Cell height was equal to the distance between the apex of the section curve and the substrate. We performed geometric analysis with AFM images of 20 MCF-10A cells and 20 MCF-7 cells. The detailed values of each bar in Figure 4C -E, are shown in Table 1 . We can clearly see that the length and height of MCF-10A cells is significantly larger than that of MCF-7 cells, but their width is significantly smaller. These geometric features provide quantitative information about cellular morphology. When a normal cell transforms into a cancerous cell, its structures and functions change considerably (Hanahan and Weinberg, 2011) . For example, cellular surface brush layers (mainly consisting of microvilli, microridges and cilia) between normal cells and cancerous cells differ significantly (Iyer et al., 2009 ). Here, we can observe the significant differences between normal breast cells and cancerous breast cells in several aspects, including cellular growth, cellular shape, cellular edge and cellular geometric features. The changes of cellular structures may then result in the changes of cellular mechanics (as shown in Figure 2 ).
Next, we applied the established method to quantify the elastic and viscoelastic properties of three other types of cells: HEK293, A549, and L929 ( Figure 5 ). The cells in Figure  5A -C, were measured by conical tip; those in Figure 5D -F, were measured by spherical tip. For the cells measured by conical tip, Figure 5A shows that the Young's modulus of A549 cells was significantly larger than the Young's modulus of HEK293 cells and L929 cells, and that there was no significant differences between HEK293 cells and L929 cells. For relaxation times ( Figure 5B and C), we found no significant differences among these three types of cells other than the relaxation time τ2 between A549 and L929. Based on these results, we were able to discern A549 cells from the other two types of cells (HEK293 and L929) by cellular Young's modulus. Between HEK293 cells and L929 cells, the difference in relaxation time was significantly larger than that in cellular Young's modulus; we observed the respective P-values for relaxation time τ1 and τ2 to be 0.17 and 0.11 ( Figure 5B and C), whereas the P-value for Young's modulus was only 0.94 ( Figure 5A ). The difference between these measurements shows that cellular viscoelastic properties can better discern HEK293 cells from L929 cells.
For the cells measured by spherical tip, we found significant differences in Young's modulus among the three types ( Figure 5D ). For relaxation times ( Figure 5E and F), there were also significant differences between A549 and the other two types of cells, but the relaxation times of HEK293 and L929 were similar. These results show that a spherical tip can better discern the differences in mechanical properties (i.e., elastic and viscoelastic) between different types of cells than a conical tip. Because the spherical tip can indent larger cellular areas, results obtained from its use may better represent the mechanical properties of the whole cell. The conical tip does, however, have the advantage of being able to probe the heterogeneous mechanical properties of different points on the cells (Li et al., 2015) . To date, a challenge to this type of research has been posed by the occasional difficulty of exactly discerning one specific type of cell from others when only cellular Young's modulus is used (Li et al., 2015) . When researchers have used AFM to quantify the Young's modulus of diverse types of cells, the overlap in Young's modulus among them (Kuznetsova et al., 2007; Yu et al., 2011; Li et al., 2014a; Hayashi and Iwata, 2015) has proved to be an important issue. Our results, as seen in Figure 5 , show that cellular relaxation time can be a useful complement to discern different types of cells when they display considerable overlap in cellular Young's modulus.
It must be noted, however, that the results in Figures 2 and 5 are from cell lines cultured in vitro, which are different from cells in vivo. Next, we applied the established method to investigate the viscoelastic properties of primary normal B lymphocytes and cancerous B lymphocytes (Figure 6 ). Primary B (normal) lymphocytes were isolated from the peripheral blood of healthy volunteers; Raji cells were cancerous B lymphocytes. In Figure 6 we see that the Young's modulus of the Raji cells is significantly smaller than for the primary B cells. For relaxation time τ1, we found no significant differences between the primary normal B cells and the Raji cells; however the relaxation time τ2 of Raji cells is significantly larger than that of the primary normal B cells.
In addition to these differences in mechanical properties, we also found significant differences in cell morphology between primary normal B lymphocytes and Raji cells. As shown in Figure 6A and B, the Raji cells are significantly larger than the normal B lymphocytes. Recall that, as shown in Figure 2 , both the Young's modulus and relaxation time of cancerous breast MCF-7 cells are smaller than for normal breast MCF-10A cells. By contrast, the Young's modulus of cancerous lymphoma Raji cells is smaller than that of primary normal B lymphocytes, but the relaxation time τ2 of Raji cells is larger than that of normal B lymphocytes. The disparities in these results may due to the differences between breast cells and lymphocytes used here. First, both the normal and cancerous breast cells were taken from cell lines cultured in vitro, whereas the normal B lymphocytes were primary cells from healthy volunteers and the cancerous B lymphocytes were from in vitro cell lines. Second, the breast cells were adherent cells and the lymphocytes were suspended cells.
The results shown in Figure 6 reveal the significant differences in Young's modulus and relaxation time between primary B lymphocytes and cancerous B lymphocytes, which in turn indicates a potential role for cellular viscoelastic properties in indicating cell states. However, if researchers are to better examine the role of cellular elastic and viscoelastic properties in vivo, primary cancer cells as well as their normal counterparts must be isolated for tests. Recent studies of primary cancerous B lymphocytes have shown that the receptor tyrosine kinase-like orphan receptor 1 (ROR1) is selectively expressed on the surface of B-cell chronic lymphocytic leukemia and on some B-cell lymphomas (including mantle cell lymphoma, marginal zone lymphoma, and follicular lymphoma), whereas normal B lymphocytes and other normal cells do not express ROR1 (Baskar et al., 2008; Bicocca et al., 2012) . Hence, ROR1 is a suitable marker for isolating cancerous B lymphocytes from lymphoma patients.
In the present study, an improved AFM single-cell mechanical assay method was developed to simultaneously measure the elastic and viscoelastic properties of single living cells by linking an oscilloscope to AFM to record stress relaxation curves. The statistical results (Figure 2) show that both Young's modulus and relaxation times of cancer cells (MCF-7) were significantly smaller than for normal cells (MCF-10A). These results, which mean that cancerous cell lines are softer and more deformable than their normal counterparts, are affirmed by Plodinec et al. (Plodinec et al., 2012) , who showed that breast cancer cells are softer than normal breast cells and correlated the migration and metas- tatic spreading of tumor to the low stiffness of hypoxia-associated cancer cells. Recently, Hu et al.'s measurements of the Young's modulus and deformability of MCF-10A and MCF-7 cells by microfluidics showed that MCF-7 cells had decreased Young's modulus and increased deformability compared with MCF-10A cells .
Changes in cell mechanics facilitate the ability of cancerous cells to fulfill specific functions, such as metastasis (Wirtz et al., 2011) . Compared with MCF-10A cells, MCF-7 cells are invasive and metastatic (Darbre et al., 2013) . In the process of metastasis, a cancer cell's journey from a primary tumor to a metastatic site is a veritable obstacle course that includes detaching from the primary tumor, invading through local tissue, squeezing into blood or lymphatic vessels, surviving the harsh conditions within those vessels, and squeezing out of them (Kiberstis, 2016) . The softness and deformability characteristics of cancer cells thus helps them to successfully metastasize. But there are also significant differences in cellular growth, cellular morphology, and cellular geometric features between cancerous cells and normal cells (Figures 3 and  4) . Cell shape emerges from the interactions of many cellular components, including the cytoskeleton, the cytomembrane, and cell-substrate adhesions (Keren et al., 2008) . Maintaining correct cell shape is critical for behaviors such as sensing, motility, surface attachment, and nutrient acquisition (Ursell et al., 2014) . In addition, during mitotic rounding, the actin cytoskeleton is completely remodeled to generate a rigid and rounded actomyosin cortex and cell-substrate adhesion is lost (Matthews et al., 2012) . Actin cytoskeleton is one of the most abundant proteins in the cytosol of mammalian cells (Plessner et al., 2015) . Hence, the changes of actin cytoskeleton may lead to changes in cellular morphology as well as in cellular elastic and viscoelastic properties.
We used the established method to measure the elastic and viscoelastic properties of three more types of cells (HEK293, A549, and L929), and also of primary human B lymphocytes, in order to explore the potential of cellular relaxation time in complementing cellular Young's modulus to identify particular types of cells. The results will be useful in the development of novel label-free biomarkers (Di Carlo, 2012) to indicate cell states; traditionally, cellular morphology has been widely used to recognize diseased cells. For example, the clinical diagnosis of cancer cells is mainly based on morphological observations of pathological biopsy tissues (Suresh, 2007b) . By utilizing the geometric property of size difference, specifically that circulating tumor cells (CTCs) are significantly larger than healthy haematologic cells, researchers ) developed a size-based microfluidic chip that exploited filtration microchannels to isolate the relatively larger CTCs from the rest of the blood constituents.
Measuring cellular elastic and viscoelastic properties can potentially complement pathological tests based on cellular morphology, because of the possible overlap in cellular morphology and size between cancer cells and normal cells. For example, the sizes of B lymphocytes and T lymphocytes are similar, but our previous results (Li et al., 2012) on the B lymphoma Raji cell line and the T lymphoma Hut cell line showed that the elastic properties of Raji cells are significantly smaller than those of Hut cells. In the present study, we used two commonly used cell lines to examine changes of cellular viscoelastic properties in cancer cells (MCF-7 breast cancer cells) and their normal counterparts (MCF-10A normal breast cells). We also used nomal B lymphocytes isolated from the peripheral blood of healthy volunteers, in order to examine the cellular viscoelastic properties of primary cells. In future studies, we would like to apply the established method to directly investigate the viscoelastic properties of primary cancer cells from clinical patients. Because the clinical biopsy samples for primary cell detection contain both cancer cells and healthy cells, the prerequisite is to isolate cancer cells from healthy cells. It is known that a tumor is composed of cancer cells, fibroblasts, matrix cells, blood cells, immune cells, and so on (Junttila and Sauvage, 2013) . Therefore, in order to examining the role of cellular viscoelastic properties in discerning different types of cells, we used the three types of cell lines (HEK293, A549, and L929) mentioned above.
In summary, traditional AFM single-cell mechanical assays measure only the elastic properties (Young's modulus) of cells (Kasas et al., 2013) , whereas the flow of cytoplasm of living cells in response to environmental or intrinsic cues is related to the longstanding and unsolved fundamental issues in cell mechanics (Moeendarbary et al., 2013; Zhou et al., 2013) . Hence, quantifying the viscoelastic properties of cells can help us to better understand the underlying mechanisms of cell mechanics. In fact, researchers have shown that sole dependence upon Young's modulus of cells sometimes fails to serve as a universal indicator for metastatic progression (Park and Lee, 2014) . In the present study, we developed a method based on AFM approach-reside-retract technology to simultaneously measure the Young's modulus and the relaxation time of single cells so that we could acquire multiple physical parameters for characterizing cellular mechanical behaviors. The experimental results, which demonstrate the potential role of cellular relaxation time in indicating cell states and discerning different types of cells, provide novel insights into cancer cells and open new possibilities for AFM-based single-cell mechanical assays.
MATERIALS AND METHODS

Cell culture
The MCF-10A normal breast cell line, MCF-7 cancerous breast cell line, HEK293 human embryonic kidney cell line, Li, M., et al. Sci China Life Sci January (2018) Vol. 61 No. 1 A549 human lung cancer cell line, L929 mouse fibroblast cell line, and Raji human B-cell lymphoma cell line were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai). Cell culture medium was purchased from Hyclone Laboratories (USA). MCF-10A, MCF-7, A549, and Raji cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37°C (5% CO2). HEK293 cells and L929 cells were cultured in DMEM medium (high glucose) containing 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37°C (5% CO2). Cells were cultured in flasks at 37°C in a CO2 incubator (Thermo Fisher Scientific Inc., USA). Once the cells reached 80% confluence, they were subcultured in Petri dishes and incubated in 37°C (5% CO2) for 2-3 days before experiments. The cell culture medium in the Petri dishes was changed one day after seeding.
Primary B lymphocyte isolation
Primary B lymphocytes were isolated from the peripheral anticoagulated blood of healthy volunteers (Li et al., 2016a) . First, the peripheral blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation. Second, PBMCs were resuspended in PBS and incubated with magnetic beads (Milteny Biotec Inc., USA) that had already been linked with monoclonal anti-CD19 antibodies. Because CD19 is specifically expressed on the surface of B lymphocytes but not expressed on other cells, CD19-labeled magnetic beads can specifically recognize the B lymphocytes in the PBMCs. After incubation, cells were resuspended by PBS to remove the unbound magnetic beads. Then the cell suspension was aspirated to an isolation column which was placed in the magnetic field of MiniMACS separator (Milteny Biotec Inc.). After washing the isolation column three times by running buffer, the isolated B lymphocytes were collected by removing the column from the magnetic field.
AFM imaging
AFM experiments were carried out with a Bioscope Catalyst AFM (Bruker) which was set on an inverted microscope (Ti, Nikon, Japan), as shown in Figure 7A . The silicon nitride probe (type: MLCT) was used for AFM imaging and the nominal spring constant of the cantilever was 0.01 N/m. Images were obtained at contact mode in culture medium. The scan force was 1 nN. The scan rate was 0.5 Hz. The scan line was 256 and the sampling point for each scan line was 256.
AFM indenting
AFM indenting experiments were performed on living cells (MCF-10A, MCF-7, HEK293, A549, L929) in culture medium. The exact spring constant of the cantilever was calibrated by thermal noise method (Hutter and Bechhoefer, 1993) . The AFM tip was moved to the central area of cell under the guidance of optical microscopy ( Figure 7B ). Then the AFM tip was controlled to indent the cells in the approach-reside-retract mode to measure the elastic and viscoelastic properties of cells (Li et al., 2016a) ; the process of measuring the cellular elastic and viscoelastic properties is shown in Figure  7D . During the approach-reside-retract mode, the AFM tip first approached (at a loading rate 8 μm/s) and touched the cell until the maximal loading force (5 nN) was achieved. The tip then resided for 1 s, so that we could observe the cellular relaxation process, and then was retracted from the cell surface. During the approach-reside-retract process, force curves were recorded by the AFM manipulation software at relative trigger mode (the trigger threshold was 5 nN). Young's modulus was extracted from the force curves to characterize the cellular elastic properties. During this time, stress relaxation curves were also recorded by an oscilloscope (LeCroy, USA) which was linked to the AFM ( Figure 7C ). Relaxation time was extracted from the stress relaxation curves to characterize the cellular viscoelastic properties. A typical force curve obtained on a living MCF-10A cell is shown in Figure 8A . Due to the residence, there is a gap between the end of the approach curve and the beginning of the retract curve. Figure  8C represents a typical stress relaxation curve recorded on a living MCF-10A cell; here, we can clearly see that the force decayed during the relaxation process. Twenty cells of each type (MCF-10A, MCF-7, HEK293, A549, L929), were measured. Five force curves and five stress relaxation curves were recorded at different points on the central area of each cell.
Spherical probe fabrication
The spherical probe was fabricated by gluing a sphere to an AFM cantilever according to an established procedure of AFM micromanipulations (Li et al., 2016a) . Briefly, a drop of two-part epoxy adhesive was placed on a glass slide and a drop of sphere solution was placed at another position on the same glass slide, which was then put on the stage of AFM. Next, the AFM probe was moved to contact the epoxy adhesive and retracted immediately. After that, the AFM probe was moved to contact a sphere for about 10 s and then retracted. The prepared spherical probe could be used 24 h later (for hardening) at room temperature. Spherical probes can be easily fabricated with this method. Figure 7E and F show the SEM images of the fabricated spherical probes with triangular cantilever and rectangular cantilever.
Data analysis
Force curves were fitted by Hertz-Sneddon model to extract cellular Young's modulus (Lekka, 2016) :
(1) 
where υ is the Poisson ratio of cell; cells are often considered as incompressible material and thus υ=0.5 (Vargas-Pinto et al., 2013; Nijenhuis et al., 2014; Hecht et al., 2015) . F is the applied loading force of AFM probe; δ is the indentation depth; E is the Young's modulus of the celll θ is the half-opening angle of the conical tip; and R is the radius of spherical tip. F is calculated according to Hooke's law:
where k is the spring constant of the cantilever and x is the deflection of the cantilever which can be directly read from the original force curves. The original force curves were exported as text files which were then imported to Matlab 8.0 (Mathworks, USA). The fitting was performed by the program written by ourselves using Matlab. The approach curve is used to extract cellular Young's modulus, while the retract curve is used for analyzing the adhesion forces (Li et al., 2014b) . According to the contact point on the approach curve, which we determined visually (denoted by the black arrow in Figure 8A ), the approach curve was converted into an indentation curve by subtracting the cantilever deflection from the vertical movement of the probe. In Figure 8B , the indentation curve obtained in Figure 8A is fit with the Sneddon model, which was used because the results in Figure 8A were obtained with the conical tip. Here we can clearly observe that the theoretical curve is consistent with the experimental indentation data, and that the fitting result shows that the cellular Young's modulus extracted from the indentation curve is 6.1 kPa. We applied the generalized Maxwell spring-dashpot model to fit the stress relaxation curves to extract the cellular relaxation time (Moreno-Flores et al., 2010) : 
where F is the applied loading force of the AFM probe; A0 is the instantaneous (purely elastic) response; Ai are the ith force amplitudes; and τi is the ith relaxation time. Because relaxation time is a parameter that is dependent on the elastic modulus and viscosity (Moreno-Flores et al., 2010) , it reflects the viscoelastic properties of cells. The fitting was performed by using the finite element software Abaqus 6.13 (Dassault Systems Simulia Corp., USA). After normalizing the stress relaxation curve, the fitting was performed as shown in Figure  8D . We can clearly see that the two-order Maxwell fitting curve matches well with the experimental data. The fitting result shows that the two cellular relaxation times extracted from the relaxation curve are 0.037 s (τ1) and 0.381 s (τ2). A two-tailed Student's t-test was applied to determine the significant difference between cellular Young's modulus and relaxation time.
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